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THERMAL ENVIRONMENT, AMMONIA CONCENTRATIONS,  
AND AMMONIA EMISSIONS OF AVIARY HOUSES  
WITH WHITE LAYING HENS 
Y. Zhao,  H. Xin,  T. A. Shepherd,  M. D. Hayes,  J. P. Stinn,  H. Li 
ABSTRACT. Maintaining comfortable thermal environments and good indoor air quality is essential to ensuring optimal 
production performance, welfare, and health of animals. Alternative laying-hen housing systems are being adopted by 
some egg producers in the U.S. However, information on indoor thermal and aerial environments of such alternative 
housing systems is meager. This article reports a one-year monitoring of thermal conditions (air temperature and relative 
humidity or RH) and ammonia (NH3) concentrations and emissions of four aviary laying-hen houses (same dimensions, 
manure belt plus litter floor systems, 50,000-hen capacity each) at a commercial farm in the Midwest U.S. Carbon dioxide 
(CO2) concentrations at the air inlet and near the exhaust fans were measured and used, along with literature values of the 
metabolic rates of the hens, to estimate building ventilation rate (VR). The results show that indoor temperature, RH, CO2 
concentration, NH3 concentration, and VR of the four houses (mean ±standard deviation) were 23.4°C ±0.3°C, 64% ±3%, 
1520 ±87 ppm, 5.2 ±0.4 ppm, and 4.5 ±0.6 m3 h-1 hen-1, respectively. The highest daily mean NH3 concentration was 
13 ppm (and 20 ppm within the day) in winter. The NH3 emission rate was 0.14 ±0.01 g d-1 hen-1. These values of NH3 
concentrations and emissions were lower than those reported for European aviary houses. The NH3 emissions of the 
monitored aviary houses in this study are comparable to those of U.S. manure-belt cage houses, but are much lower than 
those of U.S. high-rise cage houses. The magnitude of NH3 emissions observed in this study was consistent with that of 
similar aviary houses with brown hens in another extended field measurement in the same region. 
Keywords. Air pollutants, Ammonia, Concentration, Emission, Laying hen. 
n livestock production, ammonia (NH3) is produced 
during degradation of urea and uric acid in animal 
manure and urine. Exposure to high NH3 
concentrations can be detrimental to the farmer’s 
health and depresses production performance of the 
animals (Crook et al., 1991; Deaton et al., 1984; Xin et al., 
2011). Ammonia emissions to the atmosphere are well 
recognized for their acidification and eutrophication effects 
on ecosystems (Asman et al., 1998). As estimated by the 
U.S. EPA, the majority of the anthropogenic (man-made) 
NH3 emissions are from livestock production (USEPA, 
2004a). A number of studies have been or are being 
conducted to acquire baseline NH3 emission data for U.S. 
animal feeding operations, covering cattle (Harper et al., 
2009), swine (Jacobson et al., 2011; Stinn et al., 2012), and 
poultry production facilities (Liang et al., 2005; Wheeler et 
al., 2006; Li et al., 2011; Moore et al., 2011). These data 
will help to improve the U.S. national gaseous emission 
inventory and provide a benchmark for developing realistic 
abatement plans and strategies. 
Estimation of NH3 emissions from laying-hen houses by 
the U.S. EPA is based on the conventional cage housing 
systems (USEPA, 2004b). In recent years, alternative hen 
housing systems have been increasingly used by some egg 
producers to meet niche market needs. Aviary system is an 
alternative housing system that features lower hen stocking 
density and daytime litter floor access, which allows the 
hens to perform their natural behaviors, such as dust-
bathing and foraging. While part of the hen’s manure, i.e., 
the portion that is collected on the manure belts under the 
colony tiers, is removed frequently from the house (e.g., 
every 1 to 4 days), the manure on the litter floor remains in 
the house until the end of the production cycle (about one 
year). This manure accumulation on the floor results in 
higher NH3 volatilization as compared to conventional 
manure-belt cage systems. 
Ammonia concentrations and emissions of aviary 
houses have been measured in Europe (table 1). The results 
  
  
Submitted for review in January 2013 as manuscript number SE 
10097; approved for publication by the Structures & Environment
Division of ASABE in May 2013. 
Mention of company or product names is for description only and does
not imply endorsement by the authors or their affiliated institutions, nor
exclusion of other suitable products. 
The authors are Yang Zhao, ASABE Member, Postdoctoral Research 
Associate, Hongwei Xin, ASABE Fellow, Professor, and Tim Shepherd, 
ASABE Member, Assistant Scientist, Department of Agricultural and
Biosystems Engineering, Iowa State University, Ames, Iowa; Morgan 
Hayes, ASABE Member, Postdoctoral Researcher, USDA-ARS Meat 
Animal Research Center, Clay Center, Nebraska; John Stinn, ASABE
Member, Graduate Research Assistant, Department of Agricultural and
Biosystems Engineering, Iowa State University, Ames, Iowa; and Hong 
Li, ASABE Member, Assistant Professor, Department of Animal and
Food Sciences, University of Delaware, Newark, Delaware. Cor-
responding author: Hongwei Xin, 3204 NSRIC, Iowa State University,
Ames, IA 50011; phone: 515-294-4240; e-mail: hxin@iastate. edu.
I 
1146  TRANSACTIONS OF THE ASABE 
indicated that NH3 concentrations and emissions vary 
largely within and between studies. The large variations are 
probably due to different manure and litter handling 
practices (e.g., frequency of belt manure removal, manure 
moisture content, and hours of hen access to the litter floor 
per day). Therefore, direct extrapolation of the European 
data to U.S. aviary systems may be inappropriate. Baseline 
data on NH3 concentrations and emissions for U.S. aviary 
housing systems are thus needed. 
The objective of this study was to monitor NH3 
concentrations and emissions of representative U.S. 
commercial aviary laying-hen houses over a one-year 
period. Concentrations of carbon dioxide (CO2) were 
monitored concurrently for estimating house ventilation 
rate (VR) based on the CO2 mass balance method, thus 
calculating NH3 emissions. In addition, air temperature and 
relative humidity (RH) were continuously measured for 
both the ambient and indoor environments throughout the 
experimental period. 
MATERIALS AND METHODS 
AVIARY HEN HOUSES 
A commercial egg farm with six double-wide aviary hen 
buildings located in central Iowa was selected as the 
experimental site. Each double-wide building had a solid 
partition wall that divided it into two symmetrical houses. 
Each house measured 150.8 × 21.4 × 3.0 m (L × W × H) 
and had a housing capacity of 50,000 hens, which were 
distributed in six rows of colonies (fig. 1). The colony rows 
were divided by wire mesh screens into ten 13.5 m sections 
along the length. The litter floor measured 6.0 m wide for 
the two inner aisles and 3.0 m wide for the two outer aisles. 
Measurements were carried out in four such houses (or two 
double buildings). 
Fresh air entered the houses through continuous eave 
inlets to the attics and then through ceiling box air inlets. 
Twenty exhaust fans, including four 0.6 m diameter 
variable-speed fans, four 0.9 m diameter single-speed fans, 
and twelve 1.3 m diameter single-speed fans were installed 
21.4 m
(a) 
(b) 
Figure 1. (a) Floor plan and (b) cross-section 1-1 of the aviary laying-hen house, showing indoor sampling locations for ammonia (NH3) 
concentration, carbon dioxide (CO2) concentration, temperature, and relative humidity (RH) measurements. 
Table 1. Summary of ammonia (NH3) concentrations and emissions reported for European aviary hen houses. 
NH3 Conc. 
(ppm) 
NH3 Emission 
(g d-1 hen-1) 
Manure Removal 
Frequency 
Manure/Litter 
Drying 
Litter 
Floor Access Reference 
6 0.30 2 times/week Manure on belt All day Groot Koerkamp (1995) 
0.7 to 3.3 0.02 to 0.10 5 to 7 times/week Litter All day Groot Koerkamp et al. (1998b) 
0.8 to 16 0.05 to 0.62 2 times/week No drying All day Groot Koerkamp and Bleijenberg (1998) 
32 to 38 0.78 1 time/week - - Nimmermark et al. (2009) 
20 to 35 - 1 time/week - - Winter et al. (2009) 
35 to 60 - No removal - - Winter et al. (2009) 
12.7 to 15.5 0.35 to 0.46 1 to 2 times/week Manure on belt 8.3 to 11 h d-1[a] Dekker et al. (2011) 
[a] Includes litter floor and outdoor access. The house was an organic free-range system.
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in the sidewall of each house. The four 0.6 m fans ran 
continuously at their maximal capacity, and the rest of the 
fans were controlled to be on or off in an effort to maintain 
the indoor temperature between 20°C and 25°C. The 
maximum design ventilation capacity was 12.2 m3 h-1 hen-1 
(at static pressure of 12.4 Pa), and the minimum ventilation 
rate was 0.5 m3 h-1 hen-1. 
One blower and one 73.25 kW gas-fired forced-air 
heater (model AD250, L.B. White Co., Onalaska, Wisc.) 
were installed in each of the three blower/heater 
compartments attached to the house (fig. 1). The blowers 
continuously delivered the air in the compartment 
(recirculated room air) to the room through the perforated 
air ducts below the colony cages and above the manure 
belts. The gas heaters were turned on to heat the 
compartment air when the indoor temperature fell below 
18°C and off when the temperature of the compartment 
reached 47°C (a safety control) or the house temperature 
reached its setpoint. When operating at maximal capacity, 
each heater consumed 10.7 L h-1 liquid propane gas (LPG). 
This blowing/heating setup was conducive to drying the 
manure on the belts, which reduced NH3 volatilization, and 
achieving even distribution of the supplemental heat 
throughout the house. 
The aviary hen colony cages were equipped with nest 
boxes, perches, feeders, and nipple drinkers (fig. 2). 
Specific resource allowances are listed in table 2. 
HENS AND MANAGEMENT PRACTICES 
Lohmann SL white hens were brought into the houses at 
17 weeks of age and were kept in the colonies (i.e., no 
access to litter floor) until 22 weeks of age. From then until 
the end of the production cycle (at 67 to 78 weeks of age, 
depending on management decisions), the hens were given 
litter floor access for 9.75 h a day (12:00 p.m. to 9:45 p.m.). 
In the morning, lights came on gradually starting at 
5:00 a.m., and reaching the maximum level at 6:00 a.m. In 
the evening, lights were dimmed down starting at 8:45 p.m. 
and were completely off at 9:45 p.m. The gradual transition 
of lighting levels was to simulate sunrise and sunset. The 
manure belts were run at 6:00 a.m. for 10 min each 
morning so that manure on one-third of the manure belt 
length was removed from the houses. 
MEASUREMENTS 
The field monitoring was carried out from 30 August 
2011 to 30 August 2012. The ages of hens at onset of the 
monitoring were 47, 39, 51, and 46 weeks in houses 1, 2, 3, 
and 4, respectively. All the houses had flock changes during 
the monitoring period (fig. 3). During the two-week 
downtime (i.e., time between the old and new flocks), the 
litter on the floor was completely removed, and the house 
was cleaned with compressed air. No measurement was 
made during the downtime. 
Ambient and indoor concentrations of NH3 and CO2 were 
measured for two consecutive days every two weeks with 
Portable Monitoring Units (PMUs). Each PMU had two 
electrochemical NH3 loggers (0 to 200 ±1 ppm, model PAC 
III; Draeger Safety, Inc., Pittsburgh, Pa.) and one infrared 
CO2 transmitter (0 to 5,000 or 0 to 7,000 ±20 ppm, model 
GMT222, Vaisala, Inc., Woburn, Mass.). With its three-way 
 
Figure 2. Cross-sectional view of the aviary colony with litter floor. 
Table 2. Resource allowance of the aviary house. 
Parameter Value 
Wire mesh floor space 620 cm2 hen-1 
Litter floor space 510 cm2 hen-1 
Nest space 80 cm2 hen-1 
Perch space 13 cm hen-1 
Feeder space[a] 7-10 cm hen-1 
Nipple drinker 8.6 hens drinker-1 
[a] 7 cm hen-1 is based on the absolute feeder length, and 10 cm hen-11 is
    based on feeders inside the colonies being accessible on both sides. 
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time-controlled valve, the PMU measured both ambient and 
indoor gas concentrations in a cyclic manner. This feature 
helped to purge the NH3 sensors with fresh ambient air prior 
to sampling the indoor NH3-laden air, thereby avoiding 
sensor saturation. A detailed description of the PMU design 
and operation was given by Xin et al. (2003). In this study, 
two PMUs were installed in each house and programmed to 
cycle between 20 min sampling of ambient air and 10 min 
sampling of indoor air, yielding 30 min interval data. The 
NH3 and CO2 concentrations were recorded every 30 s 
during the two-day sampling events. Considering the 
response time of the sampling system, only the last 2 min of 
data of the 20 and 10 min sampling in each cycle were used 
to determine the NH3 and CO2 concentrations at the 
sampling moment. By processing the raw data as mentioned 
above, the ambient and indoor concentration data were 
staggered by 10 or 20 min. To align the ambient and indoor 
sampling time for gas emission calculation, the ambient 
concentration corresponding to the indoor sampling moment 
was calculated using linear interpolation between two 
consecutive ambient sampling moments (30 min interval). 
The two indoor sampling ports were near the continuous 
exhaust fans, and the two ambient sampling ports were 
installed next to the eave air inlet (fig. 1). 
Temperature and RH (HOBO Pro Series, Onset, Bourne, 
Mass.) were continuously measured at 5 min intervals with 
portable data loggers at different indoor locations and two 
outside locations (fig. 1). In houses 1 and 2, the indoor 
measurement locations were “above litter area near 
exhaust”, “in colony cage near exhaust”, “above middle 
litter area”, and “in colony cage near partition wall”. For 
houses 3 and 4, temperature and RH were measured only at 
the latter three locations. Ambient temperature and RH 
were measured nearby house 1 and house 3 with the same 
type of T/RH loggers. To prevent solar radiation/irradiation, 
the loggers for ambient measurement were protected in 
perforated plastic cylinders. 
QUALITY ASSURANCE AND QUALITY CONTROL 
Prior to each sampling episode, a two-point check or 
calibration (if necessary) was performed on the NH3 
loggers and CO2 transmitters with zero gas (ultra-high pure 
nitrogen, 99.999%, Praxair, Danbury, Conn.) and span gas 
(27 ppm for NH3 or 3100 ppm for CO2, Praxair, Danbury, 
Conn.). After calibration (if needed), the sensors were 
challenged with reference gases of the same concentrations. 
If the reading of an NH3 logger differed from the reference 
gas concentration by 2 ppm or more, the logger was 
recalibrated until it passed the challenge test. The same 
procedures were followed for the CO2 transmitters whose 
readings were within 20 ppm when challenged with the 
zero gas or within 2% (62 ppm) when challenged with the 
span gas. 
The NH3 loggers are relatively vulnerable to the 
sampling environments in livestock houses; thus, they can 
lose accuracy over time. To ensure acceptable performance 
of the loggers, they were subject to another challenge after 
each sampling episode. If the reading of an NH3 logger was 
not within the acceptable range (±2 ppm of the reference 
gas concentration), the data collected with that particular 
logger were excluded from further data analysis. 
The temperature and RH loggers (purchased new for the 
study) were checked and calibrated prior to the field 
monitoring and again in the middle of the monitoring 
period. A final check of these loggers was done after the 
one-year monitoring period. 
CALCULATION OF VENTILATION RATE  
AND EMISSIONS 
Building ventilation rate (VR) of the hen houses was 
determined indirectly using the CO2 mass balance method 
that has been proven to be relatively accurate and cost-
effective as compared to direct ventilation measurement 
(Li et al., 2005; Mosquera et al., 2012). This method 
calculates VR by dividing the total CO2 production rate in 
the house by the difference of indoor and ambient CO2 
concentrations (eq. 1). VR determined with the CO2-
balance method becomes unreliable when indoor CO2 
concentration is close to ambient level (ΔCO2 < 200 ppm) 
(Li et al., 2005). In that case, VR was either set to the 
maximum ventilation capacity when indoor temperature 
was higher than the setpoint for the highest fan stage, or 
was excluded from calculation when the operation of all 
ventilation fans became uncertain. It should be noted that 
during hot days (when outside temperature exceeded 
32°C), the producer purposely lowered the house 
temperature setpoint by 5.5°C to 7.2°C to increase fan 
runtime at night. 
In aviary houses, CO2 is produced from four sources: the 
hens’ metabolism or respiration, litter/manure on the floor, 
manure on the belts, and fuel combustion when the gas 
heaters are in operation. Production of CO2 by the hens was 
calculated based on the hens’ body weight and their 
bioenergetics values, i.e., specific total heat production rate 
(THP) and respiratory quotient (RQ), as reported by 
Chepete et al. (2004). The THP and RQ were set to be 
7.5 W kg-1 and 0.89 during the day and 5.6 W kg-1 and 0.93 
at night (eq. 2). Production of CO2 by the litter/manure on 
the floor was measured with a static flux chamber, as used 
by Hayes et al. (2013a). The data showed that CO2 
production by the litter floor was linearly related to the 
litter thickness: 0.0315 mL s-1 m-2 per cm of litter depth, or 
90.4 mL s-1 house-1 per cm of litter depth (litter area of 
2871 m2 per house). Starting from 22 weeks of age, the 
increase of litter thickness was estimated to be 0.12 cm 
week-1, derived from field measurements. For the CO2 
production by manure on the belts, an empirical value of 
1% of the hens’ respiration was used (Ning, 2008; Hayes et 
Figure 3. Hen age during the monitoring period (30 Aug. 2011 to
30 Aug. 2012). 
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al., 2013a). This empirical value was based on 1/3 of the 
belt manure being removed each day, so the CO2 was 
produced from 1/3 belt manure being 0 to 1 day old, 1/3 
being 0 to 2 days old, and 1/3 being 0 to 3 days old. In 
winter, the runtime of the heaters was estimated based on 
the temperature elevation (measured by a HOBO 
temperature sensor) in the blower/heater compartments, 
and using ambient and indoor temperatures as secondary 
check. The CO2 production by one 73.15 kW heater was 
estimated to be 968 mL s-1 (Ni et al., 2008; Zhao et al., 
2013). On days without supplemental heating and at 3.36 
cm litter thickness (50 weeks of age), the daily mean CO2 
production rate was calculated to be 0.458 mL s-1 hen-1, 
which is nearly identical to the value of 0.459 mL s-1 hen-1 
(20°C, RQ = 0.91) predicted by CIGR (Mosquera et al., 
2012). 
 
[ ] [ ]( )2 2VR 3600CO CO
hen litter manure heater
in amb
n P P P P
n
⋅ + + +
= ×
⋅ −
 (1) 
where 
VR = ventilation rate (m3 h-1 hen-1) 
n = number of hens in a house 
Phen = CO2 production by hen (mL s-1 hen-1) 
Plitter = CO2 production by litter/manure on the floor 
(mL s-1) 
Pmanure = CO2 production by manure (mL s-1) 
Pheater = CO2 production by heaters (mL s-1) 
[CO2]in = indoor CO2 concentration (ppm) 
[CO2]amb = ambient CO2 concentration (ppm). 
 THP RQ
16 18 5 02RQhen
P M
. .
×
= ×
+
 (2) 
where M is the body mass of the hen (kg). 
For each sampling cycle in a day, the NH3 emissions were 
calculated by multiplying the VR, the corresponding 
difference between indoor and ambient NH3 concentrations, 
and the cycle interval (30 min). The emission data were 
then corrected to standard temperature and pressure 
condition. The daily NH3 emission (ER) was the sum of the 
emission data of all cycles and was expressed as emissions 
per hen (eq. 3), per animal unit (1 AU = 500 kg live animal 
weight), or per kg eggs produced. 
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 (3) 
where 
ER = emission rate (g d-1 hen-1) 
[NH3]in = indoor NH3 concentration (ppm) 
[NH3]amb = ambient NH3 concentration (ppm) 
wm = molar weight of NH3 (17.031 g mol-1) 
Vm = molar volume of NH3 at standard temperature 
(0°C) and pressure (101.325 kPa) (0.0224 m3 mol-1) 
Tstd = standard temperature (273.15 K) 
Tab = absolute house temperature (K) 
Pstd = standard barometric pressure (101.325 kPa) 
Pa = atmospheric barometric pressure (acquired from the 
local weather station). 
STATISTICAL ANALYSIS 
All statistical analyses were performed using SAS 9.2 
(SAS Institute, Inc., Cary, N.C.). Data from two PMUs in 
each house were averaged to represent the house-level 
concentration and emission data. Comparison of 
temperatures between different locations in the houses was 
performed using ANOVA procedure. Daily mean VR, 
indoor CO2 and NH3 concentrations, and NH3 emissions of 
the four hen houses were pooled and fitted with either 
linear or quadratic models for the effect of ambient 
temperature. The effect of ambient temperature and manure 
accumulation on NH3 emissions was tested using a multiple 
regression procedure with standardized regression 
coefficients. 
RESULTS AND DISCUSSION 
THERMAL ENVIRONMENT 
Daily indoor and ambient temperature and RH profiles 
are shown in figure 4. Indoor temperatures in the four 
houses were quite similar, as indicated by the small error 
bars (fig. 4a). There were several cold days in the winter of 
(a) 
(b) 
Figure 4. (a) Daily indoor and ambient temperature and (b) relative 
humidity (RH). The indoor data are means of four houses with 
standard errors; the ambient data are means of two measurements 
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2011-2012. With supplemental heat, indoor temperatures of 
the hen houses were generally maintained above 20°C. The 
daily indoor temperatures increased in summer and were 
close to the ambient temperature, indicating that the 
ventilation system was well managed to remove the excess 
heat produced by the hens. The maximum daily average 
indoor temperature (31.5°C) was slightly lower than the 
outdoor temperature (32.0°C), presumably due to water 
evaporation inside the houses, hence the cooling effect. 
However, the outdoor air temperature could have been 
overestimated due to heat irradiation from the concrete 
floors in the vicinity of the temperature sensors. The mean 
daily indoor temperature was 23.4°C during the experimen-
tal period. 
The indoor RH was relatively stable in winter (ranging 
from 57% to 79%, fig. 4b) but fluctuated considerably in 
summer (ranging from 31% to 88%, fig. 4b). This was 
presumably attributed to the higher VR in warmer weather, 
resulting in indoor RH being more affected by the variable 
ambient humidity. The mean daily indoor RH in the aviary 
houses was 64%, and the mean ambient RH was 68%. 
Figure 5 shows the temperature distribution at four 
locations in the aviary houses. The daily mean temperatures 
at different locations were quite consistent (fig. 5a), and no 
significant differences were found among the locations (table 
3). On a cold day (19 January 2012) of the monitoring 
period, the temperature near the partition wall was somewhat 
higher than at other locations (fig. 5b), especially when the 
ambient temperature was low. Although the mean 
temperatures were not significantly different among the 
locations (table 3), the temperature near the partition wall 
was significantly higher than at some other locations during 
the coldest period (7:30 a.m. to 9:30 a.m.), indicating some 
degree of non-uniform indoor temperature distribution. This 
outcome presumably resulted from short-circuiting of the 
incoming air (i.e., air entering the attic got exhausted before 
reaching the inlets near the partition wall). On a warm day 
(15 June 2012), temperatures at the different locations were 
comparable (fig. 5c). Zhao and Xin (2013) reported that 
incoming air was heated in the attic of aviary houses before 
entering the house in summer, which is attributable to solar 
heating of the non-roof-insulated attic space. Results of the 
current monitoring study confirmed warmer, albeit not 
significant, temperatures near the partition wall (table 3). It 
should be noted that a small temperature elevation (e.g., 1°C) 
during heat stress periods can cause much more detriment 
than during thermoneutrality. Therefore, attention should be 
paid to temperature and ventilation management near the 
partition wall. 
VENTILATION RATE (VR) 
Daily VR and the relationship between VR and ambient 
temperature are shown in figure 6. The minimal VR of the 
hen houses was found to be 0.74 m3 h-1 hen-1 in the winter, 
while the highest VR was around 11 m3 h-1 hen-1 in the 
summer. We noticed a higher-than-the-baseline minimal 
VR on the coldest day, possibly due to the need for indoor 
air quality control. In all the hen houses, VR increased as 
ambient temperature (Ta) increased (fig. 6b) and leveled off 
upon reaching the maximum capacity. The VR and Ta 
relationship can be described with the following empirical 
models (eqs. 4, 5, and 6): 
For Ta ≤ 3°C: VR = 0.77 (4) 
For 3°C < Ta < 27°C: 
(a) 
(b) 
(c) 
Figure 5. Temperatures at different locations in the aviary houses: 
(a) daily mean, (b) on a cold day, and (c) on a warm day. Data for 
“ambient” and “near exhaust (litter)” are means of temperatures in 
two houses; data for “near exhaust (cage)”, “mid (litter)”, and “near 
partition wall (cage)” are means of temperatures in four houses. 
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 VR = 0.021Ta2 − 0.166Ta + 1.309 (5) 
 (R2 = 0.95, p < 0.05) 
For Ta ≥ 27°C: VR = 11.0 (6) 
CO2 CONCENTRATIONS 
There were clear seasonal (fig. 7a) and diurnal (fig. 8) 
variations in indoor CO2 concentration. Indoor CO2 
concentrations rose on cooler hours/days and decreased on 
warmer hours/days. The daily CO2 concentrations in the 
aviary houses were 1520 ±87 ppm, with a maximum of 
3215 ppm in winter and a minimum of 452 ppm in summer 
(fig. 7b). The inverse relationship between indoor CO2 
concentration (in ppm) and Ta can be described with the 
following empirical models (eqs. 7, 8, and 9): 
For Ta ≤ 3°C: [CO2]in = 2783 (7) 
For 3°C < Ta < 27°C: 
 [CO2]in = 2.72Ta2 − 160.04Ta + 2877.6 (8) 
 (R2 = 0.86, p < 0.05) 
For Ta ≥ 27°C: [CO2]in = 542 (9) 
 
Table 3. Temperatures (°C) at four locations in the four houses.[a] 
Location Mean ±SD Min. Max.  
 Daily mean[b]  
In cage near exhaust 23.5 a ±1.0 19.2 31.4  
Above litter near exhaust 23.5 a ±0.7 18.6 31.3  
Above middle litter area 22.8 a ±1.1 18.7 31.2  
In cage near partition 23.6 a ±1.2 18.3 31.9  
Outside ambient 11.5 ±0.2 -17.6 32.0  
 
Cold day[b] 
(19 January 2012) 
Coldest period[c] 
(7:30 to 9:30) 
In cage near exhaust 20.7 a ±1.3 17.5 26.3 20.6 AB ±1.3 
Above litter near exhaust 20.6 a ±0.5 18.7 22.1 20.7 AB ±0.4 
Above middle litter area 20.2 a ±1.6 16.4 23.6 20.1 B ±1.3 
In cage near partition 21.9 a ±2.6 16.8 26.3 22.6 A ±2.1 
Outside ambient -17.6 ±0.1 -19.8 -15.4 -19.8 ±0.0 
 
Hot day[b] 
(15 June 2012) 
Hottest period[c] 
(14:00 to 17:00) 
In cage near exhaust 26.0 a ±0.5 22.5 30.4 30.2 A ±0.3 
Above litter near exhaust 25.9 a ±0.2 22.5 30.3 30.0 A ±0.0 
Above middle litter area 26.0 a ±0.7 22.5 30.2 30.1 A ±0.7 
In cage near partition 26.6 a ±0.9 23.2 31.3 30.5 A ±0.9 
Outside ambient 24.2 ±0.0 19.4 30.7 29.9 ±0.1 
[a] Each datum is the mean, minimum, or maximum of four measure-
ments (from four houses), except for “above litter near exhaust” and 
“ambient” data, which are the mean, minimum, or maximum of two 
measurements. SD = standard deviation. 
[b] Means followed by different lowercase letters are significantly dif-
ferent (p < 0.05). 
[c] Means followed by different uppercase letters are significantly dif-
ferent (p < 0.05). 
(a) 
(b) 
Figure 6. (a) Daily mean ventilation rate (VR) during the
experimental period, and (b) the relationship between VR and ambi-
ent temperature. 
(a) 
(b) 
Figure 7. (a) Daily indoor and ambient carbon dioxide (CO2) 
concentrations, and (b) relationship between indoor CO2 concen-
tration and ambient temperature. The CO2 concentration values for 
incoming air are means of the four hen houses. 
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NH3 CONCENTRATIONS AND EMISSIONS 
Daily mean indoor and ambient NH3 concentrations are 
delineated in figure 9a. The indoor NH3 concentrations 
peaked in late autumn and winter due to the reduced VR 
but stayed relatively stable for the rest of the one-year 
measurement period. The average indoor NH3 con-
centration of the four houses was 5.2 ppm. The maximum 
NH3 concentration was 12.8 ppm for daily mean, and 19.6 
ppm within a winter day; both were below the 25 ppm 
threshold recommended by the American Conference of 
Governmental Industrial Hygienists (ACGIH) and the 
National Institute for Occupational Safety and Health 
(NIOSH). The NH3 concentrations found in this study were 
lower than those reported in previous European studies 
(table 1) and in similar aviary houses with brown birds in 
the U.S. (Hayes et al., 2013b). The result could be 
attributed to better management of the manure and litter 
floor access at this farm. Firstly, the manure on belts in the 
hen houses was continuously dried with recirculated indoor 
air, which presumably reduced the NH3 volatilization by 
reducing the decomposition rate of uric acid and urea 
(Brinson et al., 1994; Molloy and Tunney, 1983; Schefferle, 
1965). Secondly, the manure on belts was removed from 
the hen houses more frequently (1/3 each day) as compared 
to the manure removal in other studies, e.g., one time per 
week (Nimmermark et al., 2009). Thirdly, the hens were 
allowed to stay on the litter floor throughout the day in 
some European systems; in contrast, the hens in this study 
were given 9.75 h litter floor access each day, thus reducing 
the amount of manure deposition on the litter floor and thus 
ammonia volatilization. It should be noted that the higher 
indoor NH3 concentration is associated with minimum VR 
in cold weather. There were several cold days when Ta was 
below -10°C (fig. 4a) in the winter of 2011-2012. However, 
(a) 
(b) 
(c) 
Figure 8. Diurnal variation (two consecutive days) of indoor and
ambient carbon dioxide (CO2) concentrations on (a) hot (29-30 Aug. 
2011), (b) mild (19-20 Oct. 2011), and (c) cold (20-21 Dec. 2011) days.
The CO2 concentration values are means of the four hen houses. 
(a) 
(b) 
Figure 9. (a) Daily mean indoor and ambient ammonia (NH3) 
concentrations, and (b) relationship between indoor NH3 concen-
tration and ambient temperature. The NH3 concentration values for 
incoming air are means of the four hen houses. 
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the NH3 concentrations on those days were not monitored 
due to the bi-weekly measurement schedule. 
Part of the eave inlet air was affected by the exhaust air 
due to the proximity between the two (fig. 1a). As a result, 
some NH3 was circulated back to the hen house. As shown 
in figure 9a, NH3 gas was occasionally detected at the air 
inlet of the hen houses, but its concentration (<2 ppm) was 
significantly lower than the indoor levels. 
Indoor NH3 concentration steadily decreased as Ta 
increased until 23°C (fig. 9b), resulting from the increasing 
VR. Interestingly, this trend began to reverse when Ta 
exceeded 23°C. This outcome was presumably attributed to 
increased NH3 volatilization from manure at higher air 
temperature (Pereira et al., 2012; Sommer et al., 1991) 
while VR was approaching its maximum. The following 
quadratic model (eq. 10) was fitted to delineate this 
relationship: 
 [NH3]in = 7.4 − 0.4Ta + 0.01Ta2 (10) 
 (R2 = 0.52, p < 0.05) 
Diurnal variations of indoor NH3 concentrations under 
three weather conditions (hot, mild, and cold) are shown in 
figure 10. Generally, NH3 concentrations were lower in 
mid-day but higher at night due to varying VR under hot 
and mild weather conditions but remained relatively high 
all day under cold climate (fig. 10). 
Figure 11 shows daily NH3 emissions of the four aviary 
houses. The emissions showed some degree of fluctuation 
throughout the year (fig. 11a). The following quadratic 
model (eq. 11) shows that the NH3 emissions (in g d-1 hen-1) 
were somewhat associated with Ta (fig. 11b): 
 ER = 0.123 − 0.00136Ta + 0.00012Ta2 (11) 
 (R2 = 0.23, p < 0.05) 
The elevated NH3 emission at low Ta was speculated to 
result from higher indoor RH and thus higher moisture 
content of the litter/manure, which favored NH3 
volatilization (Groot Koerkamp et al., 1998b). The elevated 
NH3 emission at higher Ta was probably the result of 
increased NH3 volatilization due to faster conversion of 
uric acid by microbes and high VR (fig. 6b) in warm 
weather (Groot Koerkamp et al., 1998b; Aarnink and 
Elzing, 1998). 
Higher NH3 emission may also be associated with 
manure accumulation time (MAT) on the floor. To examine 
this effect, multiple-variable regression was performed with 
emission rate as the dependent variable and Ta and MAT 
(using hen age as substitute input) as independent variables. 
The regression coefficients were standardized (i.e., 
expressed as the effect of one SD change, as opposed to a 
unit change in independent variables to dependent 
variable); thus, the relative importance of Ta and MAT to 
NH3 emission could be compared. Table 4 shows that both 
MAT and Ta positively affected NH3 emission, while the 
impact of Ta (standardized coefficient = 0.62) was more 
pronounced as compared to MAT (standardized coefficient 
= 0.38). 
Ammonia emissions from the four aviary hen houses 
ranged from 0.05 to 0.30 g d-1 hen-1 (or 15.1 to 98.6 g d-1 
AU-1, 0.9 to 6.0 g d-1 [kg egg]-1), with a mean of 0.14 g d-1 
hen-1 (or 44.5 g d-1 AU-1, 2.8 g d-1 [kg egg]-1). These values 
are in the range of 0.02 to 0.78 g d-1 hen-1 (table 1) reported 
in the literature, albeit on the low side for the reasons stated 
earlier. The magnitude of NH3 emissions found in this 
study was quite consistent with the value (0.15 g d-1 hen-1) 
that was measured in similar aviary houses containing Hy-
Line brown hens in central Iowa (Hayes et al., 2013b). 
(a) 
(b) 
(c) 
Figure 10. Diurnal variations (two consecutive days) of indoor and 
ambient ammonia (NH3) concentrations on (a) hot (29-30 Aug. 2011), 
(b) mild (19-20 Oct. 2011), and (c) cold (20-21 Dec. 2011) days. The 
NH3 concentration values are means of the four hen houses. 
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A summary of NH3 concentrations and emissions, 
together with the thermal environment and VR found in 
this study, is presented in table 5. It should be noted that all 
the data reported in this study were obtained from four 
aviary houses located on the same commercial farm. 
Extrapolation of these data to other farms with different 
management (e.g., manure removal frequency, use or 
absence of the manure-drying system, ventilation system 
management, etc.) should be done with care. 
AVIARY VERSUS OTHER HOUSING SYSTEMS 
Manure-belt and high-rise cage systems remain the two 
most popular housing systems for laying hens in the U.S. 
Liang et al. (2005) reported NH3 concentrations to be 3 to 
5 ppm in two U.S. manure-belt hen houses, but 36 to 
45 ppm in two U.S. high-rise hen houses. The NH3 
concentrations of the aviary houses in this study (5 ppm) 
were in line with those of the manure-belt houses. 
However, it is worth noting that the stocking density of the 
aviary houses was much lower than that of the manure-belt 
houses. The NH3 concentrations of the aviary houses were 
lower than those of the high-rise houses. The NH3 
emissions from manure-belt houses ranged from 0.05 to 
0.18 g d-1 hen-1 (Groot Koerkamp et al., 1998a; Liang et al., 
2005), which was significantly lower than that from high-
rise houses (0.83 to 1.57 g d-1 hen-1) (Keener et al., 2002; 
Liang et al., 2005; Li et al., 2012; Lin et al., 2012). Again, 
NH3 emissions from the aviary houses in this study were 
within the range of those for manure-belt houses.  
SUMMARY AND CONCLUSIONS 
Ammonia (NH3) concentrations and emissions of four 
commercial aviary houses with 50,000 white laying hens 
per house in central Iowa were monitored bi-weekly for 
two consecutive days over a one-year period. Carbon 
dioxide (CO2) concentrations of the inlet and exhaust air of 
the houses were monitored and used to estimate building 
ventilation rate (VR) along with literature values on 
metabolic rates of the hens. Ambient and indoor air 
(a) 
(b) 
Figure 11. (a) Daily ammonia (NH3) emissions throughout the year,
and (b) relationship between NH3 emission and ambient temperature. 
Table 4. Results from multiple regression (adjusted R2 = 0.27, p < 
0.05) for effect of ambient temperature (Ta) and manure accumulation 
time (MAT) on ammonia emission. 
 Coefficient 
Standard 
Error p-Value 
Standardized 
Coefficient 
Intercept 67.05 10.81 <0.001 - 
Ta 0.93 0.18 <0.001 0.62 
MAT 2.49 0.29 <0.001 0.38 
Table 5. Summary of the thermal environment, ventilation rate (VR), carbon dioxide (CO2) concentration, ammonia (NH3) concentration, and 
NH3 emission in the four aviary houses. 
Variables Unit Mean ±SD[a] 
Min. Daily Mean /  
Within-Day Min.[b] 
Max. Daily Mean /  
Within-Day Max.[c] 
Ambient temperature °C 11.5 ±0.2 -17.6/-26.1 32.0/42.3 
Ambient RH % 68 ±3 32/23 95/98 
Indoor temperature °C 23.4 ±0.3 17.5/16.7 31.5/37.5 
Indoor RH % 64 ±3 31/23 88/95 
VR m3 h-1 hen-1 4.5 ±0.6 0.7/0.5 12.0/12.2 
Ambient CO2 concentration ppm 409 ±26 368/341 530/563 
Ambient NH3 concentration ppm 1.2 ±0.2 -[d]/-[d] 2.1/3.8 
Indoor CO2 concentration ppm 1520 ±87 452/437 3215/3819 
Indoor NH3 concentration ppm 5.2 ±0.5 -[d]/-[d] 12.8/19.6 
NH3 emission g d-1 hen-1 0.14 ±0.01 0.05/- 0.30/- 
 g d-1 AU-1 44.5 ±1.9 15.1/- 98.6/- 
 g d-1 [kg egg]-1 2.8 ±0.3 0.9/- 6.0/- 
[a] Each datum is the mean of four values (four hen houses) except for the ambient temperature and RH, which are mean of two values (two HOBO 
sensors). SD = standard deviation. 
[b] Each datum is the minimal value in one of the four houses, or at one of the two ambient measurement locations. 
[c] Each datum is the maximal value in one of the four houses, or at one of the two ambient measurement locations. 
[d] Below detection capacity (2 ppm). 
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temperature and RH were continuously measured 
throughout the one-year period. The following observations 
and conclusions were made: 
• Daily indoor temperature and RH averaged 23.4°C 
±0.3°C and 64% ±3%, respectively. Care should be 
taken to ensure proper distribution of fresh air near the 
partition wall of the double-wide hen building. With 
three 73.25 kW supplemental heaters in each house, the 
indoor temperature could be readily maintained above 
20°C in winter. 
• Daily indoor CO2 concentration averaged 1520 ±87 ppm. 
The maximum CO2 concentration within a day was 
3819 ppm in winter. The estimated mean VR was 4.5 ±0.6 
m3 h-1 hen-1, ranging from a minimum of 0.74 m3 h-1 hen-1 
to a maximum of 12.2 m3 h-1 hen-1. 
• Daily indoor NH3 concentration averaged at 5.2 ±0.5 
ppm. The highest NH3 concentration was 12.8 ppm for 
the daily mean and 19.6 ppm within the day. The NH3 
concentration showed significant seasonal and diurnal 
variations. 
• Daily mean NH3 emission was 0.14 ±0.01 g d-1 hen-1. 
This value was somewhat lower than the literature value 
reported for European aviary housing systems but was 
consistent with the value reported for similar aviary 
houses with brown hens in the Midwestern U.S. 
• The NH3 concentrations and emissions of the aviary 
houses were comparable to those of manure-belt cage 
houses but much lower than those of high-rise cage 
houses. 
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